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Summary 

This r e p c r t  desc r ibes  work done on (1) the s o l u b i l i t y  of hydrogen 

and oxygen i n  KCIE s o l u t i o n s ,  (2) the  d i f f u s i v i t y  of oxygen i n  KOH s o l u t i o n s ,  

( 3 )  t h e  mutual d i f f u s i v i t y  of water and KOH, and ( 4 )  a summary of p e r t i n e n t  

d a t a  f o r  t h e  LiOH-H 0 system. 2 

The s o l u b i l i t y  of oxygen, hydrogen, and argon have been determined 

f o r  t h e  KOH concen t r a t ion  range of 0 t o  approximately 50 w t  %, and up t o  a 

temperature  o f  80 6. The s o l u b i l i t y  of each of t h e s e  gases  decreases  sha rp ly  

w i t h  KOH concen t r a t ion  and somewhat l e s s  sha rp ly  with irrcreasing t e n p e r a t u r e .  

Henry's l a w  c o c s t a n t s  show l i t t l e  v a r i a t i o n  wi th  temperature  bu t  a r e  s t r o n g l y  

dependent on KOH concen t r a t ion .  Heats of s o l u t i o n ,  e n t r o p i e s  of s o l u t i o n ,  

and e n e r g i e s  of s o l u t i o n  have been de r ived  from t h e  s o l u b i l i t y  d a t a ,  and 

a l l  o f  t h e s e  show g e n e r a l l y  s t rong  dependence upon both temperature  and KQH 

concen t r a t ion .  For t h e  most p a r t ,  t h e  v a l u e s  of t h e  thermodynamic p r o p e r t i e s  

are  nega t ive ,  b u t  t h e r e  a r e  a number of cases  where t h e  s i g n  changes t o  pos i -  

t i v e .  I n  g e n e r a l ,  t h e  numerical  value of t h e  h e a t s  and e n e r g i e s  of s o l u t i o n  

i s  less than  -3.0 Cal./g.mole. 

0 

The d i f f u s i v i t y  of oxygen i n  KOH s o l u t i o n s  a t  25OC has been d e t e r -  

mined f o r  fou r  KQH concen t r a t ions .  The v a l u e s  r e p o r t e d  h e r e  a r e  g e n e r a l l y  

somewhat lower (about 10%) than  values  i n  t h e  l i t e r a t u r e ;  however, extrapo-  

l a t i o n  t o  i n f i n i t e  d i l u t i o n  leads t o  a v a l u e  of  1 .91  x 10 cm /sec,  which 

i s  very c l o s e  t o  t h e  g e n e r a l l y  accepted v a l u e  of t h e  d i f f u s i v i t y  of oxygen 

i n  water a t  25 C .  

-5  2 

0 

The mutual d i f f u s i v i t y  of water and KUd has  been measured f o r  t h e  

KOH concen t r a t ion  range 0-10 N ,  and for t h e  temperature  range 25-75 C .  The 
0 

1 



dependence of t h e  d i f f u s i o n  c o e f f i c i e n t  on KO3 c o n c e n t r a c i o 2  is complex, tend- 

ing t o  pass through a minimGm a t  abou t  0.25 N ,  a ~ d  t h e n  through a maximum a t  

about 4-5  78. A t h e o r e t i c a l  t reatment ,  based on p e r t u r b a t i o n  of the a c t i v a t i o n  

energy f o r  d i f f u s i o n  by surrounding i o n s ,  has been develcped; t h e  experimental  

d a t a  ag ree  w e l l  wi th  i t s  p red ic t ions  over t h e  whole concen t r a t ion  range,  

whereas t h e  Onsager-Fuoss t reatment  d e v i a t e s  sha rp ly  f r o m  t h e  experimextal  

d a t a  a t  KOH concen t r a t ions  g r e a t e r  t han  about 0.25  N .  

P e r t i n e n t  l i t e r a t u r e  da t a  on t h e  LiBH-H 0 system a r e  a l s o  sum- 
2 

marized i n  t h i s  r e p o r t .  

2 



1 0 I n t r o d u c t i o n  

This r e p o r t  covers work involving t h e  Eoll.3wrng: (1)  a d d i t i o n a l  

measurements of t h e  s o l u b i l i t y  of hydrogen and oxygt.9 i‘ia KBX soluticjrls ,  

( 2 )  measurements of t h e  mutual d i f f u s i v i t y  o f  water a d  KOH, ( 3 )  measure- 

ments of che d i f f u s i v i t y  of oxygen i n  KOH s o l u t i o n s ,  and ( 4 )  a summary of 

p e r t i n e n t  d a t a  f o r  aqueous s o l u t i o n s  of l i t h i u m  hydroxide.  

For t h e  most p a r t ,  t h e  work on s o l u b i l i t y  of gases  i n  t h e  temper- 

a t u r e  and concen t r a t ion  ranges o f  i n t e r e s t  was completed during t h e  p a s t  

s i x  months. A few measurements a t  t h e  h ighe r  temperatures  a r e  s t i l l  in -  

complete, but  s u f f i c i e n t  d a t a  a r e  now i n  hand t o  enable  one t o  c h a r a c t e r i z e  

t h e  s o l u b i l i t y  of non-polar gases  i n  aqueous KOH s o l u t i o n s  reasonably w e l l .  

S i m i l a r l y ,  t h e  work on the mutual d i f f u s i v i t y  of water  and KOH 

has  been e s s e n t i a l l y  completed during t h i s  pe r iod .  

Few measurements o f  t h e  d i f f u s i v i t y  of e i t h e r  hydrogen o r  oxygen 

i n  KOH s o l u t i o n s  were made during e a r l i e r  pe r iods .  During t h e  p a s t  s i x  

months, however, i n t e n s i v e  work by a g radua te  s t u d e n t  has  r e s u l t e d  i n  an  

experimental  technique which seems t o  be y i e l d i n g  good r e s u l t s .  

d i f f u s i v i t i e s  of oxygen i n  KOH s o l u t i o n s  a r e  r e p o r t e d  h e r e .  

A few 

F i n a l l y ,  work has begun on t h e  s o l u b i l i t y  and d i f f u s i v i t y  of 

oxygen and hydrogen i n  aqueous LiBH. For t h e  most p a r t  t h i s  has  c o n s i s t e d  

of assembling p e r t i n e n t  d a t a  from v a r i o u s  publ ished sources .  

3 
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2 ,  SOLUBILIIY OF GASES I N  POTASSILPI HYDROXIDE SOLUTIONS - S o  K. Shoor - 
S o l u b i l i t y  of oxygen, hydrogen and argon in aqueous potassium 

hydroxide s o l u t i o n s  have been measured a t  temperatures o f  25 ,  40 ,  60 acd 

8OoC. Measurements f o r  H have a l s o  been made a t  10OoC,  2 

2 1 Experimental 

The method previously used f o r  measurements of oxygen s o l u b i l i t y ,  

desc r ibed  i n  d e t a i l  i n  t h e  2nd Semi-Annual Report ( 1 )  involved concentra-  

t i o n  of t h e  oxygen by adso rp t ion  on a column immersed i n  l i q u i d  n i t r o g e n .  

This  method w a s  not s u i t a b l e  f o r  measurements of hydrogen s o l u b i l i t i e s  

s i n c e  hydrogen b o i l s  a t  a temperature below t h a t  of any of t h e  gases  which 

can be used a s  chromatograph c a r r i e r  g a s e s ,  and was t h e r e f o r e  not quan t i -  

t a t i v e l y  adsorbed. Because of t h i s ,  hydrogen, a f t e r  being s t r i p p e d  from 

t h e  s t r i p p i n g  c e l l ,  could not  be e f f e c t i v e l y  adsorbed. Consequently hydro- 

gen s o l u b i l i t i e s  were measured by t h e  method used by Gubbins and Walker ( 2 ) .  

The method was e s s e n t i a l l y  t h e  same as desc r ibed  i n  t h e  1st Semi-Annual 

Report ( 3 )  except t h a t  t h e  s t r i p p i n g  c e l l  was redesigned so t h a t  l a r g e r  

samples could be i n j e c t e d  without  apprec i ab le  backmixing i n  t h e  c e l l .  

E a r l i e r  measurements involved t h e  u s e  of a s t r i p p i n g  c e l l  of 3 cm. diameter;  

however, i n  t h e s e  measurements apprec i ab le  mackmixing i n  t h e  gas space above 

t h e  l i q u i d  sample l ed  t o  an unacceptable broadening of t h e  chromatograph 

peak. To overcome t h i s  problem a s t r i p p i n g  c e l l  1 cm.  i n  diameter and 450 

cm.  long was cons t ruc t ed .  This  method was a l s o  used t o  determine argon 

s o l u b i l i t i e s ,  and t o  determine oxygen s o l u b i l i t i e s .  

2 , l . l  S a t u r a t i o n  Tes t  

An a c c u r a t e  knowledge of t h e  p a r t i a l  p r e s s u r e  of t h e  s o l u t e  gas  

i n  t h e  s a t u r a t i o n  v e s s e l  i s  e s s e n t i a l  f o r  r e l i a b l e  s o l u b i l i t y  measurements. 

4 



The g a s ,  t h e r e f o r e ,  w a s  passed Ehroug'n a s e t  vr' p r e s d i u r a i o ~ s  b t f x e  e n t e r -  

ing t h e  main s a t u r a t i n g  v e s s e l ,  I n  t h i s  way t h e  p a r t i a l  p re s su re  of t h e  

s o l u t e  could be determized from t h e  h o w n  atmospheric p r e s s u r e  ctnd v d p u r  

p r e s s u r e  of t h e  KQH s o l u t i o n .  

To check t h a t  t h e  gas en te r ing  t h e  s a t u r a t i o n  v e s s e l  was f u l l y  

s a t u r a t e d ,  t h e  following s a t u r a t i o n  tes t  w a s  conducted. The vapors emerg- 

ing from t h e  s a t u r a t i n g  v e s s e l  were c o l l e c t e d  f o r  a known period of t i m e  

i n  a U-tube con ta in ing  D r i e r i t e .  From t h e  weight of water c o l l e c t e d  and 

t h e  f l o w - r a t e  of t h e  g a s ,  t h e  degree of s a t u r a t i o n  was determined, 

Such tes ts  showed t h a t  the gas  was not f u l l y  s a t u r a t e d ,  e spec i -  

a l l y  a t  h ighe r  temperatures ,  and t h i s  f a u l t  was t r a c e d  t o  condensation of 

vapor i n  t h e  tub ing  connect ing t h e  p r e s a t u r a t o r s .  

h e a t i n g  t h e  tub ing .  

This  was overcome by 

Since t h e  oxygen s o l u b i l i t i e s  r e p o r t e d  e a r l i e r  were ob ta ined  

b e f o r e  t h e s e  tes ts  were conducted, t h e  va lues  may be i n  e r r o r  due t o  d i s -  

c r epanc ie s  i n  t h e  assumed p a r t i a l  p re s su re  v a l u e s .  For t h i s  reasdn t h e  

oxygen measurements g iven  i n  t h e  2nd and 3rd Semi-Annual Reports have been 

r epea ted  using p r e s a t u r a t o r s  with heated connect ing tub ing .  

2 . 2  R e s u l t s  

The experimental  d a t a  for  t h e  s o l u b i l i t y  of oxygen, hydrogen and 

argon have been t a b u l a t e d  i n  Table 2.1. The e r r o r s  a t t a c h e d  t o  t h e  so lu -  

b i l i t y  va lues  i n  Table 2 . 1  a r e  the  s t anda rd  d e v i a t i o n s  from t h e  a r i t h m e t i c  

mean. In  almost a l l  ca ses  t h e  s o l u b i l i t i e s  a r e  t h e  mean v a l u e s  f o r  4 o r  

more r e p l i c a t e  measurements. The a b s o l u t e  accuracy of t h e  r epor t ed  d a t a  

depends on t h e  KOH c o n c e n t r a t i o n ,  being less a t  high concen t r a t ions .  Com- 

p a r i s o n  of v a l u e s  of t h e  s o l u b i l i t y  f o r  pure water r e p o r t e d  h e r e  with 

5 
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l i t e r a t u r e  va lues  sugges t s  t h a t  the accuracy of tht .  d a t a  f o r  d i l u t e  so lu -  

t i o n s  i s  about 5 l a 5 X o  The accuracy f o r  concen t r a t ed  s o l u t i o n s  (of  t h e  

o r d e r  50 Wt, Z KOH) i s  d i f f i c u l t  t o  e s t i m a t e ,  but  i s  be l i eved  t o  be of 

t h e  o r d e r  _+ 6%. 

The s o l u b i l i t y  values  f o r  oxygen and a rgoc  a t  a l l  temperatures  

and t h a t  o f  hydrogen a t  temperatures of 25, 40 and 6OoC have been p l o t t e d  

on a semilog paper wi th  a b s c i s s a  as potassium hydroxide c o n c e n t r a t i o n  and 

o r d i n a t e  as s o l u b i l i t y  i n  g.mole of t h e  s o l u t e  gas  per l i t e r  of t h e  so lu -  

t i o n .  Figures  2.1, 2.2 and 2 , 3  show such p l o t s .  Since t h e  e D l u b i l i t y  

v a l u e s  obtained f o r  hydrogen a t  temperatures of  80 

c l o s e  t o  those a t  60 C y  they have not been p l o t t e d .  S o l i d  l i n e s  i n  t h e s e  

p l o t s  r e p r e s e n t  t h i s  work whereas t h e  p o i n t s  i n d i c a t e  t h e  work of previous 

i n v e s t i g a t o r s  

0 0 and 100 C were very 

0 

2.2.1 S o l u b i l i t y  of Oxygen 

I n  comparing t h e  r e s u l t s  f o r  oxygen with those  of o t h e r  inves- 

0 
t i g a t o r s  i t  may be seen t h a t  a t  25 C t h e s e  d a t a  a g r e e  w i t h i n  a few percent  

w i th  t h e  d a t a  of Geffcken ( 4 )  and Tobias ( 5 ) .  A t  temperatures  o t h e r  t han  

25 C y  t h e  va lues  r e p o r t e d  by var ious workers d i f f e r  apprec i ab ly .  

agreement i s  q u i t e  pronounced even a t  low KOH concen t r a t ions .  For example, 

a t  6OoC t h e  s o l u b i l i t y  r e p o r t e d  by Tobias (5 )  i n  pure water d i f f e r s  s i g -  

n i f i c a n t l y  (by about 15%) from t h e  c u r r e n t l y  accepted l i t e r a t u r e  v a l u e  

( 6 ) ,  and t h i s  sugges t s  t h a t  d i sc repanc ie s  may be p re sen t  a t  o t h e r  concen- 

t r a t i o n s  a l s o .  The s o l u b i l i t i e s  r epor t ed  he re  ag ree  q u i t e  w e l l  w i th  those  

r e p o r t e d  by Kbiaster and Apel'baum a t  very low and very h igh  JsOH concentra-  

t i o n s .  However, a t  i n t e rmed ia t e  concen t r a t ions  t h e  disagreement i s  q u i t e  

marked 

0 The d i s -  
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The va lues  r e p o r t e d  he re  a t  6OoC a r e  sma l l e r  than chose r e p o r t e d  

i n  t h e  Third Semi-Annual Report (8) by amsunts up t8 about  8%. The d i f f e r -  

ences  may be explained i n  terms of t h e  incomplete = r e s a t u r a t i o n  obtained i n  

making t h e  e a r l i e r  measurements, as d i scussed  above. 

2.2.2 S o l u b i l i t y  of Hydrogen 

It may be seen from Figure 2 . 2  t h a t  a t  a temperature of 25 C ,  t he  0 

d a t a  r e p o r t e d  h e r e  a r e  i n  f a i r l y  good agreement (wi th in  a few pe rcen t  i n  

most c a s e s )  w i th  those  of Geffcken ( 4 )  and Knaster and Apel'baum ( 7 ) .  

However, a t  h ighe r  temperatures and c o n c e n t r a t i o n  t h e  disagreement is 

g r e a t e r .  

a r e  s u b s t a n t i a l l y  lower than  one would expect from e a r l i e r  work. 

The va lues  r e p o r t e d  by Ruetschi (8) a t  30'6 i n  h i s  recerrt work 

2.2.3 S o l u b i l i t y  of Argon 

No d a t a  f o r  t h e  s o l u b i l i t y  of argon i n  aqueous potassium hydrox- 

i d e  s o l u t i o n s  appear t o  be a v a i l a b l e  i n  t h e  open l i t e r a t u r e .  However, a 

cons ide rab le  amount of work on the  s o l u b i l i t y  of t h i s  gas i n  water has 

been done. It can be seen from Figure 2.3 t h a t  t h e  r e s u l t s  r e p o r t e d  h e r e  

a r e  i n  e x c e l l e n t  agreement (wi th in  1.5%) with those  of Lannung (10) f o r  

t h e  s o l u b i l i t y  o f  argon i n  water. 

2 .3  Discussion 

The d a t a  r e p o r t e d  h e r e ,  a s  w e l l  a s  t hose  of e a r l i e r  i n v e s t i g a t o r s ,  

show t h a t  t h e  s o l u b i l i t y  of oxygen, hydrogen and argon decreases  very r a p i d l y  

wi th  i n c r e a s e  i n  potassium hydroxide c o n c e n t r a t i o n .  Such a dec rease  of so lu -  

b i l i t y  of a n e u t r a l  molecule a s  a r e s u l t  of t h e  a d d i t i o n  of an e l e c t r o l y t e  i s  

c a l l e d  t h e  " s a l t i n g  out  e f f e c t " .  It may be seen  from F igures  2 .1 ,  2.2 and 

2.3 t h a t  t h i s  e f f e c t  i s  l e s s  pronounced f o r  hydrogen than  f o r  oxygen and 
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argon.  Fu r the r ,  t h e  degree of " sa l t i ng  o u t "  i s  approximately t h e  same f o r  

oxygen and argon. 

It may be poin ted  out  t h a t  XIQ complete and r e l i a b l e  theory i s  

a v a i l a b l e  a s  y e t  which expla ins  t h i s  type  of  e f f e c t .  It i s  obvious,  however, 

t h a t  any theory which a t tempts  t o  expla in  "salt i lng in" and " s a l t i r g  out"  

e f f e c t s  must cons ider  t h e  e l e c t r o s t a t i c  a s  we l l  a s  t h e  d i s p e r s i o n  fo rces  

between va r ious  ions  and molecules.  

t o  develop a s u i t a b l e  theory t o  expla in  t h e  s o l u b i l i t y  phenomena. 

A t  p r e s e n t ,  an at tempt  i s  being made 

2 , 3 . 1  P a r t i a l  Molal Heats of  Solution! 

It may a l s o  be seen  from t h e  f i g u r e s  t h a t  t h e  S o l u b i l i t y  of  t h e s e  

gases  changes wi th  temperature .  

i s  more pronounced a t  lower temperatures than a t  h igher  ones.  This  can 

The change i n  s o l u b i l i t y  wi th  temperature  

be e a s i l y  and q u a n t i t a t i v e l y  seen  by t h e  c a l c u l a t i o n  of p a r t i a l  molal  

h e a t s  of  s o l u t i o n .  

For a d i l u t e  s o l u t i o n  of a gas  i n  a l i q u i d ,  t h e  temperature  depen- 

dence of  t h e  Henry's Law cons tan t  i s  g iven  by t h e  fol lowing thermodynamic 

express ion:  

(2.3-1) 

where pi 2 f i  = hi 

where p , f and IC. a r e  t h e  p a r t i a l  p re s su re ,  fugac i ty  and mole f r a c t i o n  

of  t h e  s o l u t e  gas .  

i i  1 

The term 

d i l u t i o n  and hg is  i 

low t h a t  t h e  vapor 

-0 
1 

H. is  t h e  p a r t i a l  molal  en tha lpy  of  t h e  gas  a t  i n f i n i t e  

t h e  molal  enthalpy of  t h e  gas  a t  p re s su re  s u f f i c i e n t l y  

phase behaves i d e a l l y .  Then ( z y - h i )  = A i  i s  t h e  

12 



. 

molal  hea t  of s o l u t i o n  f o r  

r e l a t i o n  can be w r i t t e n  i n  

an  i n f i n i t e l y  d i l u t e  s o l u t i o n .  The above 

a more convenient fQITI, as :  

( 2 . 3 - 2 )  AH =- 
2.303R 

Thus, t o  o b t a i n  A%, the molal hea t  of s o l u t i o n ,  Log K was p l o t t e d  

a g a i n s t  r e c i p r o c a l  a b s o l u t e  temperature.  F igu res  2.4,  2 . 5  and 2.6 show 

such p l o t s  f o r  oxygen, hydrogen and argon, r e s p e c t i v e l y .  The c a l c u l a t e d  

v a l u e s  of h e a t s  of s o l u t i o n  a r e  p l o t t e d  i n  Figures  2,7, 2.8 and 2.9 which 

show t h e  dependence of AH on temperature f o r  oxygen, hydrogen and argon, 

r e s p e c t i v e l y .  For hydrogen the  curves corresponding t o  20% and 30% KOH 

- 

a r e  almost i n d i s t i n q u i s h a b l e .  It is seen  from t h e s e  p l o t s  t h a t  t h e  hea t  

of s o l u t i o n  i s  nega t ive  a t  lower potassium hydroxide concen t r a t ions  and 

i t  becomes less nega t ive  a s  t h e  potassium hydroxide c o n c e n t r a t i o n  in-  

c r e a s e s .  Also, a t  lower temperatures t h e  h e a t  of s o l u t i o n  i s  more nega- 

t i v e .  This i n d i c a t e s  t h a t  t h e  s o l u b i l i t y  changes r a p i d l y  a t  low tempera- 

t u r e s  and t h a t  t h e  e f f e c t  of temperature on t h e  s o l u b i l i t y  i s  much l e s s  

marked a t  higher  potassium hydroxide c o n c e n t r a t i o n s .  

2.3.2 Entropy of Solut ion 

Hildebrand (11)  de r ived  an expres s ion  f o r  t h e  p a r t i a l  molal  

entropy of s o l u t i o n  of gases  i n  l i q u i d s  which can be expressed as :  

(2.3-3) 

- 
where so-Sg = AS i s  t h e  entropy change f o r  a d i f f e r e n t i a l  process  per 

mole of  t h e  gas during s o l u t i o n .  Since t h e  s o l u t i o n  i s  d i l u t e ,  Henry's 

law can be assumed and then  f o r  a s o l u b i l i t y  process  i n  which t h e  gas  

13 



lo6 
k 4  

J 

I I. I I 

5OX KUii 

40% 

30% 

0.26 0.28 0.30 0.32 0 . 3 4  
2 '1, 10 T 

Figure 2.4  HENRY'S L A W  CONSTANT FOR 02-AQUEOUS KOH SYSTEM 

1 1, 



! 

1 o6 

0.26 

2 0% 

10% 

0.28 0.30 

1 2 - x 10 

0.32 0 . 3 4  

Figure 2 . 5  HENRY'S JAW CONSTANT FOR 1$-AQUEOUS KO11 SYS'I'EM 



E X 

40% KOH 

0.26 0.28 0.30 0.32 0.34 

1 2 - x 10 T 

Figure 2 . 6  HENRY'S J A W  CONSTANT FOR Ar-AQUEOUS KOH SYSTEM 

16 



. 

' I . , .I  

4-0.2 

-0.6 

X 

'8 -2.2 

-3.0 

-3.8 

I 1 I I 

507. KOH 

I I I I 
293 313 333 353 

T'K 
Figure 2.7 HEATS OF SOLUTION FOR 02-AQUEOUS KOH SYSTEM 



. 

0 
0 
bD -. 
d 
(0 u 

m a  
I 

4: 
x 

+1.2 

4-0.6 

0 

-0.6 

-1.2 

-1.8 

-2.4 

'I I I 1 I 

50% / 

I I I I I J 

293 313 333 353 373 

T OK 

Figure 2.8 HEATS OF SOLUTION FOR H2-AQUEOUS KOH SYSTEM 



+1 .o 

M . 2  

-0 .6  

-1 .4 3 
(CI- 
I 
0 
4 

X 

- 2 . 2  

-3.0 

I I 1 I 

20% // 
5% / 

. I I I I 

293 313 333 353 373 
T OK 

Figure 2.9 HEATS OF SOLUTION FOR Ar-AQUEOUS KO11 SYSTEM 

19 



p r e s s u r e  i s  one atmosphere one can  w r i t e  

( 2 . 3 - 4 )  

- 
Thus t o  g e t  AS, t h e  Henry's law cons tan t  was p l o t t e d  a g a i n s t  

temperature  on logari thmic co -o rd ina te s .  Entropies  of s o l u t i o n  were 

t h e n  found from t h e  s l a p e  of t h e  p l o t .  

The c a l c u l a t e d  en t rop ie s  o f  s o l u t i o n  f o r  oxygen and argon have 

been p l o t t e d  a g a i n s t  temperature  in  F igu res  2.10 and 2.12. 

n o t i c e d  from t h e s e  p l o t s  t h a t  t h e  entropy change becomes l e s s  nega t ive  

It may be 

as temperature  o r  potassium hydroxide concen t r a t ion  i n c r e a s e s .  The 

entropy of s o l u t i o n  f o r  hydrogen is  r e l a t i v e l y  cons t an t  with r e s p e c t  

t o  temperature .  However, i t  becomes l e s s  nega t ive  as t h e  potassium- 

hydroxide concen t r a t ion  i n c r e a s e s .  F igu re  2.11 shows such v a r i a t i o n s .  

2 . 3 . 3  Energy of Solut ion 

It has been shown (12,13) t h a t  t h e  energy of s o l u t i o n  of a gas 

molecule i n  a so lven t  i s  an important v a r i a b l e  f o r  c o r r e l a t i n g  and pre- 

d i c t i n g  gas  s o l u b i l i t i e s .  E l l e y  (14) d iv ided  t h e  energy o f  s o l u t i o n  of 

a gas  molecule i n t o  t h e  energy of  c a v i t y  formation and energy of i n t r o -  

c u t i o n  of t h e  gas  molecules i n t o  the c a v i t y .  He showed t h a t  f o r  a g iven  

g a s ,  t h e  energy of c a v i t y  formation v a r i e d  widely wi th  t h e  kind of s o l v e n t ,  

and t h a t  v a r i o u s  gases  had much the same va lue  of energy of i n t r o d u c t i o n  

of  t h e  gas molecule i n t o  t h e  so lven t .  

The energy of s s l u t i o r ;  is g iven  by t h e  fol lowing r e l a t i o n :  

20 
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= n i + p  (77;-  v ; )  

(2 .3-5)  

( 2 . 3 - 6 )  

-0 s i n c e  V i s  much l e s s  t han  Vg 
i i 

The gas p re s su re  encountered i s  low, so t h a t  w e  can assume 

t h e  i d e a l  gas law. Thus 

A: = Ai + RT ( 2 . 3 - 7 )  

Calcu la t ed  va lues  of  A? are p l o t t e d  in Figures  2.13, 2.14 and 2 .15 .  It 

i s  seen  t h a t  ene rg ie s  o f  s o l u t i o n  a r e  nega t ive  and become l e s s  nega t ive  

as t h e  potassium hydroxide concen t r a t ion  o r  t h e  temperature i s  i n c r e a s e d .  
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3 .  The O i f f u s i v i t y  of  Oxygei and IFidroger i n  KOH S o l u t i o n s  - M. K. Tham 

Because of t h e  slowness o f  d i f f u s i o n  i n  liqufds, a c c u r a t e  measure- 

ments of d i f f u s i o n  c o e f f i c i e n t s  a re  o f t e n  d i f f i c u l t  a s 3  t ime consuming. I n  

t h e  case  o f  oxygen d i f f u s l n g  i n  KOH s o l u t i o n s ,  t h e  very low concen t r a t ion  

o f  d i s so lved  gas p r e s e n t s  a d d i t i o n a l  a n a l y s i s  d i f f i c u l t i e s  Seve ra l  methods 

of measuring d i f f u s i v i t y  i n  concentrated K 0 B  so1utlo.s.s were considered;  

t h e s e  included those  employing a diaphragm c e l l  and those based on e l e c t r o -  

chemical r e a c t i o n  a t  an e l e c t r o d e .  

De ta i l ed  c o m i d e r a t i o z  of t h e  s t e a d y - s t a t e  diaphragm c e l l  method 

d i s c u s s e d  i n  a previous r e p o r t  ( 3 )  suggested t h a t ,  in view of t h e  very low 

s o l u b i l i t y  of t h e  d i s so lved  gases  a t  h igh  KOH concen t r a t ions  ( s e e  Sec t ion  

2 ) ,  s eve re  d i f f i c u l t i e s  would a r i s e  i n  measuring t h e  low concen t r a t ions  of 

d i f f u s e d  gas .  

be u n s u i t a b l e  f o r  s i m i l a r  r ea sons .  Low concen t r a t ions  of d i s so lved  gases  

appeared t o  be somewhat l e s s  of a l i m i t a t i o n  on e l ec t rochemica l  methods, 

and a number of t h e s e  were considered. 

mercury e l e c t r o d e  may be used for d i f f u s i n g  0 but i s  not a p p l i c a b l e  t o  

d i f f u s i o n  of X2 (15). 

high KOII concen t r a t ions  where it appears t h a t  a c t i v a t i o n  p o l a r i z a t i o n  

becomes a p p r e c i a b l e ,  alzd t h e  prcrcess may not be d i f f u s i o n  c o n t r o l l i n g  ( 5 ) .  

The method adopted f o r  t h e s e  meascrements w a s  t h e  s t agnan t  d i f f u s i o n  c e l l  

method which i s  desc r ibed  below. This method i s  s imple,  and appears  t o  

be app lccab le  t o  measurements n f  the  d i f f u s i v i t y  of  both oxygen and 

hydrogen. 

The u n s t e a d y - s t a t e  diaphragm c e l l  method a l s o  appeared t o  

Polarography wi th  t h e  dropping 

2 '  

The r o t a t i r g  d i s c  e l e c t r o d e  p r e s e n t s  problems a t  
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4c 3 1 Experimental 

Ffie ssag.nar.t d i f f u s i o n  c e l l  i s  show3 schematical ly  f~ Figure 

3 . 1 .  A c a p i l l a r y  which flwms t h e  d i f f u s i o n  pa th  w i t t i  an e l e c t r o d e  a t  one 

er.d i s  immersed i? t h e  e l e c t r o l y t i c  s o l u t i o n  s a t u r a t e d  with t h e  d i f f u s i n g  

subs t ance ,  (Cokitact of t he  e l ec t rode  wi th  t h e  s o l u t i a 2  i s  made through 

t h e  c a p i l l a r y  o n l y . )  When a DC vo l t age  i s  app l i ed  t o  t h e  system, t h e  

r e d u c i b l e  ( o r  o x i d i z a b l e )  substance w i l l  r e a c t  a t  t h e  e l e c t r o d e 3  where 

a c o n c e n t r a t i o n  g r a d i e n t  w a l l  be developed and d i f k u s i c n  w i l l  t ake  p l a c e ,  

The f l u x  of t h e  r e d u c i b l e  s p e c i e s  will i n c r e a s e  with ari increclse i n  

a p p l i e d  v o l t a g e ,  u n t i l  a c e r t a i n  vo l t age  is  reached a t  which t h e  supply 

of t h e  d i f f u s i n g  r e a c t a n t  substance cannot keep up wi th  t h e  consumption 

of t h e  s p e c i e s ;  a t  t h i s  v o l t a g e  the c m c e n t r a t i o n  a t  t h e  e l e c t r o d e  becomes 

z e r o ,  and d i f f u s i o n  is  s a i d  t o  be c o n t r o l l i n g .  

When such a p o t e n t i a l  i s  a p p l i e d  t o  t h e  c e l l ,  t h e  equa t ion  

of co r - t i nu i ty  f o r  t h e  d i f f u s i n g  species  wi th  no convect ion mass t r a n s f e r  

i s  g iven  by 

where C = t h e  e o z c e n t r a t i o n  a t  a2y d i s r a r c e  from t h e  e l e c t r o d e  x, and 
t i m e  t ,  

D = t h e  d i f f u s i v i t y  

wi th  t h e  f o l h w i a g  c a n d i t i o x  

I n i t i a l  Condition: C = C when t = 0, f o r  a l l  x 

Boundary Cordi t ion:  C = 0 when x = 0, f o r  t > 0 

o 

Solving equa t ion ’ (3 .1 -1 )  w i th  t h e  I . C .  a d  B.C .  g i v e s  
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Figure 3 . 1  Schematic Diagram o f  Linear Diffusion i n  a Stagnant C e l l  
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( 3  1-2) 

where y i s  a dummy v a r i a b l e .  

The l i m i t i n g  c u r r e n t ,  being p r o p o r t i o n a l  t o  t h e  f l u x  of 

t h e  s p e c i e s ,  i s  g iven  by 

= nPA D ( g ]  
x=o , t I l i m  (3.1-3) 

where n = no. of Faradays r e q u i r e d  per mole of e l e c t r o d e  r e a c t i o n  

F = Faraday 

A = a r e a  o f  d i f f u s i o n  path perpendicular  t o  the  d i r e c t i o n  of d i f f u s i o n  

= concen t r a t ion  g r a d i e n t  a t  x=O 
x=o 

Howwer, from Equation (3.1-2) we see t h a t  

and t h i s  l ead  t o  

Solving Equation (3.1-4)  f o r  D w e  ge t  

(3 ,1-4)  

(3.1-5) 

- 

3 1 2 Procedure 

The simple l i n e a r  d i f f u s i o n  c e l l  a s  desc r ibed  by Kolthoff 

and Lingane (15)  w a s  used. It cons i s t ed  of a platinum d i s c  cemented between 

two g l a s s  c a p i l l a r i e s  w i th  a pore diameter of 2 , 4  mm, and 1 . 5  inches i n  

l eng th .  The s i l v e r  counter e l e c t r o d e ,  placed w e l l  away from t h e  c a p i l l a r y  
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2 mouth used, had an  a r e a  of 20 cm . A Sargent Polaragraph, Model XV was 

used f o r  both a p p l i e d  v o l t a g e  and c u r r e n t  measurement. 

Determination o f  t h e  capillary a r e a  w a g  m s d e  by m ~ p s i j r i n g  

t h e  d i f f u s i o n  c u r r e n t  of 0.0005 M Potassium Ferricyamide s o l u t i o n  i n  

0.1 W KC1 s o l u t i o n .  Accurate d i f f u s i v i t y  f o r  t h i s  system have been 

r e p o r t e d  previously by von Stackelberg,  e t  a l .  ( 1 6 ) .  

The KOH s o l u t i o n  was s a t u r a t e d  wi th  oxygen a t  a p a r t i c u l a r  

temperature  by bubbling through the s o l u t i o n  f o r  30 minutes .  Oxygen was 

a g a i n  bubbled through t h e  s o l u t i o n  f o r  5 minutes b e f o r e  each r e p e t i t i o n  

o f  measurement a 

The e l e c t r o d e  was cleaned by ca thod ic  e v o l u t i o n  of hydro- 

gen and t h e  c a p i l l a r y  w a s  t hen  f i l l e d  wi th  f r e s h  s o l u t i o n  by i n j e c t i n g  

wi th  a s y r i n g e ,  5 t o  10 minutes was allowed f o r  t h e  system t o  r each  equi-  

l i b r i u m  b e f o r e  a v o l t a g e  of -0.5 v o l t  (with r e f e r e n c e  t o  a s a t u r a t e d  

calomel e l e c t r o d e )  w a s  app l i ed .  This v o l t a g e  was chosen a s  being approxi-  

mately i n  t h e  middle of t h e  f i r s t  p l a t e a u  Qf t h e  vo l t age -cu r ren t  curve 

f o r  oxygen r educ t ion ;  t h i s  f i r s t  p l a t eau  corresponds t o  t h e  r e d u c t i o n  of 

oxygen to peroxide.  The c u r r e n t  was recorded as a f u n c t i o n  of t ime. 

I n  a l l  experiments d i f f u s i o n  w a s  i n  t h e  upward d i r e c t i o n .  

When t h e  d i r e c t i o n  of d i f f u s i o n  was downward, t h e  measured c u r r e n t  w a s  

very h igh  and a t  t i m e s  tended t o  be u n s t a b l e .  This  was a t t r i b u t e d  t o  

d e n s i t y  g r a d i e n t s  which formed during d i f f u s i o n ,  I n  view of t h e  f a c t  

t h a t  t h e  concen t r a t ions  of KO9 and water a r e  very l a r g e  compared t o  t h a t  

o f  t h e  d i s so lved  gas ,  t r a n s p o r t  of QW- i ons  and water would not  appear 

l i k e l y  to be a l i m i t i n g  f a c t o r .  

so lved  oxygezl w a s  t h e  only d i f f u s i v e  f l u x  t h a t  a f f e c t e d  t h e  measured 

Strong evidence t h a t  t r a n s p o r t  of d i s -  
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. 

3 . 2  Resuics aad Ciscussion 

0 The r e s u l t s  of t h e  d i f f u s i o n  measurenerts a t  25  C a r e  p l o t -  

t e d  i n  Figure 3 .2 ,  t o g e t h e r  with those r epor t ed  e a r l i e r  by Gubbins and 

Walker (17), and Tobias e t  a l . (5)  and a r e  t a b u l a t e d  ir. Table 3 . 2 .  The 

r e s u l t s  a r e  s l i g h t l y  lower than  those r e p o r t e d  by t h e  e a r l i e r  workers 

a t  h igh  c o n c e n t r a t i o n ,  NQ measurements a t  h ighe r  concen t r a t ions  were 

made because of t h e  low l i m i t i n g  c u r r e n t s .  Other means f o r  t h e  measure- 

ment of t h e s e  small  c u r r e n t s  w i l l  b e  explored,  one of which i s  t o  i n c r e a s e  

t h e  c a p i l l a r y  s i z e .  

The accuracy of t he  de t e rmina t ion  of concen t r a t ion  is  e s t i -  

mated t o  be - + 0.1%. Temperature 1s c o n t r o l l e d  t o  0,2°C. The d e v i a t i o n s  

g iven  a r e  s t anda rd  d e v i a t i o n  from t h e  a r i t h m e t i c  mean.. 

For e l e c t r o l y t i c  s o l u t i o n s ,  t r a n s p o r t  p r o p e r t i e s ,  such as 

t h e  d i f f u s i v i t y  o r  v i s c o s i t y ,  appear t o  be an  exponen t i a l  f u n c t i o n  of  t h e  

(where x i s  s p e c i e s  f r a c t i o n  of t h e  e l e c t r o l y t e  - def ined  as  - 

t h e  mole f r a c t i o a  of KUh and>'- is the v a l e m e  of' t h e  i o c s ) .  The d i f f u -  

x 
+ -  l -x+(v t.7) )x + 

s i v i t y  va lues  r e p o r t e d  h e r e ,  whlch a r e  p l o t t e d  on semi-log paper i n  F igu re  

3 . 3 ,  do g i v e  a good s t r a i g h t  l iae ,  i n d i c a t i n g  t h a t  t h e  p r e d i c t e d  r e l a t i o n -  

s h i p  ho lds  f o r  t h e  temperature and c o c c e c t r a t i o n  range where d a t a  are  

a v a i l a b l e .  

The va lue  QE d i f f u s i o n  c o e f f i c i e n t  when e x t r a p o l a t e d  t o  

- 5  2 
0% KOH g i w s a  va lue  1 , 9 l  x 10 cm / s e e . ,  i n  good agreement with t h a t  

r e p o r t e d  i n  t h e  l i t e r a t u r e  

3 3 
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Table 3 . 2  

Diffusion Coefficient of 0, in KOH S o l u t i o 2 8  at 25 0 C 
b 

Concentration (Wt % KOH) 

5 
13.5 

23 
31.5 

5 2 D x 10 , cm. /sec .  

1.481 ,+ 0.021 
1.002 ,+ 0.01 
0.683 ,+ 0.014 
0.501 ,+ 0.014 
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Figure 3 . 3  Relat ionship of D i f f u s i v i t y  of Oxygen t o  Species  
Fraction of  Potassium Hydroxide 
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A s  can be seen from the d a t a ,  t he  diffusion c c e f f i c i e n t  of 

O2 i n  EX drops  r a p i d l y  wi th  i n c r e a s e  i n  KOH concen t r a t io r .  The v a l u e  of 

t h e  d f f f u s i v i t y  a t  3 1 . 6  w t  X. KOB is  only about 30”/, ::f t h a t  F I ~  pure wa te r .  

It i s  i n t e r e s t i n g  to note t h a t  t h e  d a t a  r epor t ed  by Gubbins 

and Walker, which were ob ta ined  by a polarographic  method a r e  about 10% 

h i g h e r  than  those  r e p o r t e d  by Tobias.  Gubbins and Walker took t h e  cons t an t  

A i n  t h e  modified I l k o v i c  equat ion,  

as 31.5 as recommended by Meites and Meites ( I S ) .  

is used as recommended by Lingane and Loveridge (19) t h e  agreement of t h e  

two sets of d a t a  i s  very good, which emphasizes t h e  importance of t h e  

cho ice  of t h e  va lue  f o r  t h e  cons t an t  A.  

I f  a va lue  of A = 39 

Di f fus ion  c o e f f i c i e n t s  of H2 i n  KOH s o l u t i o n s  at 3OoC were 

measured by Rzetschi  using a r o t a t i n g  d i s k  e l e c t r o d e  ( 9 ) ,  and a r e  p l o t t e d  

i n  F igu re  3 . 4 .  
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4 .  D i f fus ion  of Water i n  Potassium 1 ~ ~ s -  - R ,  N2. Bhatfa_ 

Measurements have been made of ckle incclgrai m u r u a i  d i f f u s i v i t y  

f o r  aqueous potassium hydroxide s o l u t i 3 n s  f o r  t h e  E3 i t i z - e  i G > x e q t r a t i m  

range ,  and f o r  temperatures i n  t h e  r a g e  25-75 C. The experimental  appa- 0 

r a t u s  and procedure,  and t h e  method of c a l c u l a t i n g  d i f f e r e r ? t i a l  d i f f u s i o n  

c o e f f i c i e n t s  from experimental  i n t e g r a l  d a t a ,  were desc r ibed  i n  d e t a i l  i n  

t h e  Th i rd  Semi-Annual Report (20) .  The r e l a t i o n s h i p  between t h e  i n t e g r a l  

and d i f f e r e n t i a l  d i f f u s i o n  c o e f f i c i e n t s  i s  given by 

(4.1- 1) 

'0 

D e t a i l s  of t h e  method f o r  ealc .ulat ing D from 5 d a t a  may be found i n  Appen- 

d i x  2 .  

4.1 Resu l t s  

Tables 4 . 1  and 4 .2  show the i n t e g r a l  and d i f f e r e n t i a l  d i f f u s i o n  

c o e f f i c i e n t  values  r e s p e c t i v e l y .  In Table 4.1,  t h e  terms c and c a r e  

t h e  i n i t i a l  KOH concen t r a t ions  i n  the  lower a d  upper c e l l  compartments 

i n  u n i t s  (g.mole.1. 

d i f f e r e n t i a l  va lues  shown i n  Table 4 ,2  a r e  t h e  va lues  rormally used, and 

1 2 

-1 ); c2 had the value zero  i n  a l l  experiments,  The 

are d i f f u s i o n  c o e f f i c i e r t s  on t h e  v o l ~ ~ e , - f i x e Z  r e f e r e n c e  frame, de f ined  

(4.1-1)  

where J is  t h e  f l u x  o f  d i f f u s i n g  m a t e r i a l  r e f e r r e d  to t h e  (moving) c e n t e r  

of volume. This  i s  t h e  r e f e r e n c e  frame most commonly used, and has t h e  

advantage t h a t  t h e  d i f f u s i o n  c c e f f i c i e n t s  of t h e  two components are  equa l .  
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l -  

The c e l l s  were c a l i b r a t e d  using b o t h  R C I  dnd i IC1  s o l u t i o n s ,  f o r  

which a c c u r a t e  d i f fus io r?  c o e f f i c i e n t  values  a r e  a l reacy,  a v a i l a b l e .  Good 

agreement w a s  ob ta ined  by t h e  two methods. Measured ; e l l  c o n s t a n t s  were 

r ep roduc ib le  t o  w i t h i n  ,+ 0.7%. Ca l ib ra t ions  were performed a t  f requent  

i n t e r v a l s  t o  check a g a i n s t  p o s s i b l e  changes i n  t h e  e e l 1  cons t an t  with 

t i m e ,  but  no d e t e c t a b l e  change was found. Chang a d  Wilke ( 2 1 )  have 

shown t h a t  changes i n  ce l l  c a l i b r a t i o n  cons t an t  with temperature  a r e  

n e g l i g i b l e  e 

The accuracy of t h e  r epor t ed  d i f f e r e n t i a l  d i f f u s i v i t y  d a t e  i s  

This f i g u r e  was a r r i v e d  a t  by con- e s t ima ted  to be approximately 2 3%. 

s i d e r i n g  e r r o r s  involved i n  ope ra t ing  t h e  c e l l s ,  i c  determining concen- 

t r a t i o n s ,  c e l l  c a l i b r a t i o n  cons t an t  and t ime, and i n  t h e  procedure used 

t o  c a l c u l a t e  d i f f e r e n t i a l  d i f f u s i v i t i e s  from t h e  experimental  i n t e g r a l  

va lues  

4.2 Theory 

A t  p r e sen t  t h e r e  appears t o  be n3 s a t i s f a c t o r y  theory t h a t  may 

be used t o  p r e d i c t  mutuai d i f f u s i o z  c a e f f i c r e n t s  i n  concen t r a t ed  e l e c t r o -  

l y t e  501utions.  The Onsdger-Fuoss c h e o q  (22 j p r ~ v i d e s  a r i g o r o u s  approach 

t h a t  y i e l d s  q u a n t i t a t i v e l y  c o r r e c t  values  a t  c o c c e n t r a t i o n s  up t o  about 

0.01 molar,  but  a t t empt s  t o  extend i t s  use t 3  h ighe r  concen t r a t ions  have 

been unsuccess fu l .  However, ir, f u e i  cell (and mast Gther)  a p p l i c a t i o n s ,  

c o n c e r t r a t i m s  much above s h i s  value a re  of i n t e r e s t .  A theory based on 

a s imple model f o r  d i f f u s i o n  i n  ccncen t r a t ed  e l e c t r o l y t e s  i s  presented 

below. The theory i s  a mod i f i ca t ion  of  Eyring and a b s o l u t e  r e a c t i o n  

r a t e  theory ( 2 3 ) .  



The equat ion ob ta ined  by Evr i zg  f o r  t h e  mutual t l i f f u s ~ ~ ~ ~  coe f -  

f i c i e n t  i n  a b i ca ry  s o l u t i o n  i s  

( 4 . 2 - 1 )  

where kd = cons tan t  

X = jump cons tan t  
* 

AG 

T = temperature 

a = a c t i v i t y  of component A (water)  

= f r e e  energy o f  a c t i v a t i o n  per molecule 
0 

A 

= mole f r a c t i o n  0 f  A 
NA 

The t e r m  ( a l n a  /alnN ) i s  a thermodynamic n o n i d e a l i t y  term. 

Did  

We may d e f i n e  A A 

by 9 

(4.2-2) 

so  t h a t  Did i s  a purely k i n e t i c  term, t h e  thermodynamic f a c t o r  having been 

removed 

The f v l l o w i i g  d e r i v a t i o x  i s  s i m i l a r  t o  t h a t  of Podolsky ( 2 4 )  f o r  

0 v i s c o s i t y  of e l e c t r o l y t e s .  The va lue  of D a t  i n f i n i t e  d i l u t i o n  ( D  ) may 

be a c c u r a t e l y  p r e d i c t e d  from the  Nerost r e l a t i o r < .  

(4.2-3) 

where v Y = number of moles of ions 1 and 2 per  mole of e l e c t r o l y t e  1 2  

1 z = charge f o r  i on  1 

F = Faraday 

0 0  

X1 = experimental ly  measured l i m i t i n g  equ iva len t  i o n i c  
conductances.  
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Qn i nc reas ing  the e l e c t r a l y t e  c r  centrat_i  z n ,  t he  i q i l S  are assumed 

t a  p e r t u r b  AG fr:m its origi:nrjl ~ ~ a l ~ c ,  bur_ ?i i s  dssumea ro be  r e l a t i v e l y  

una f fec t ed  ( t h i s  assumption has been  s h w n  a g9,od ai;i.rt>-<imat i u n  by Fodoisky) 

Since t h e  d i f f u s i o g  c o e f f i c i e n t s  f o r  water and KOH a r e  equal  02 t h e  volume 

frame, we s h a l l  con f ine  our a t t e i t i o n  t o  t h e  d i f fus io r?  of water molecules.  

I n  a d d i t i o n  we s h a l l  assume t h a t  the  molecules and i m s  a r e  randomly mixed; 

t h a t  i s ,  t h e  p r o b a b i l i t y  t h a t  a p a r t i c l e  of s p e c i e s  i i s  i n  a p a r t i c u l a r  

volume element i s  independent of the s p e c i e s  of neighboring molecules.  

This assumption is known t o  be good f o r  o rgan ic  l i q u i d  mixtures  ( 2 5 ) .  

0 

Consider a water molecule i n t e r a c t i g g  w i t h  n s u r r m n d f x g  water 

molecules o r  ions. I f  C i s  the concen t r a t ion  of e l e c t r o l y t e  i n  gemole/ 

l i t e r  and i f  one molecule of t h e  e l e c t r o l y t e  g i v e s  i n  s o l u t i o n  Y moles 

of i ~ n s  of type  1 and v moles o f  ions of type  2 ,  t h e  number of i ions 2 

i n t e r a c t i n g  with t h e  cent.ra1 water molecule is 

1 

18 C n  u"  

( 1 0 0 0 d - C M ) + 1 8 C ( ~ ~ + ~ ~ )  

where d i s  d e z s i t y  and M i s  molecular weighE.  Azl i on  of type i i n  t h e  

n e a r e s t  neighbor r i n g  i s  assumed t o  p e r t u r b  t he  a c t i v a t i o n  f r e e  energy 

by am amount 6, per  mole t o  AG + E i ,  

w a t e r o  The f r e e  energy of  ac t iva t i . ? :  

1 

.k 
whEre AG i s  t h e  va lue  for pure 

f o r  t h e  s o l u t i o n  becomes 

I n s e r t i n g  t h i s  i n  e q u a t i m  ( 4 . 2 - 2 )  g i v e s  

Did 18 Cn (-up h $5,) - 
1 000 d - CN+ 1 a c ( 1) 1+Y2 ) = exp 

Do 

( 4  2 - 4 )  

( 4 . 2 - 5 )  
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I n  t5fs E q u a t i c l  t he  t e r m  18~/:1000d-~M-+l~CCP +zf 

of e l e c t r o l y t e . .  

g i v e  a s t r a i g h t  l i w  of s l o p e  r ( ~  h +?/ A. )/RT, 

h1 and 6 

a number of e l e c t r o l y t e s  i t  s h o u l d  be p o s s i b l e  t o  prepare E( t a b l e  of t h e s e  

parameters  f o r  v a r i o u s  ions, f r 3 m  which d i f f u s i o n  c o e f f i c i e n t s  f o r  o t h e r  

e l e c t r o l y t e s  could be p r e d i c t e d .  

is ~ t "  spec ies  f r d c t i o n  1 ' 7 '  

A p l c t  !>f 17 c~'/D a g a i ? s t  t5i. f d c t > r  s b ? u l d  t k e r e f o r e  
c; 

The p e r r u r b a t i o n  parameters 1 1  2 2  

should be c h a r a c t e r i s t i c  of t he  10~1s i w o l v e d .  By cons ide r ing  2 

4 . 3  Discussion 

F igu re  4.1 shows t h e  concen t r a t ion  dependence of t h e  mutual d i f -  

f u s i o n  c o e f f i c i e n t  a t  t h e  f o u r  temperatures s tudie .2 ,  3 i e  c o a c e n t r a t i o n  

dependence is  complex, showing a minimum a t  low concen t r a t ions  (about 0.25 

molar)  and a shal low maximum a t  high concen t r a t ions  (about 6 mola r ) .  A 

s i m i l a r  minimum a t  low c o n c e n t r a t f w a  i s  found f o r  most e l e c t r o l y t e  systems, 

but  maxima such as t h a t  seen he re  f i n -  KOid a r e  l e s s  common. The v a l u e s  of 

D shown f o r  zero c c n c e n t r a t i o n  a r e  r%e t h e o r e t i c a l l y  c a l c u l a t e d  Nernst 

v a l u e s .  K e  experimental  d a t a  a r e  seer  t o  e x t r a p o l a t e  smoothly t o  t h i s  

l i m i t  
-7 

The empi r i ca l  r e l a t i o n s h f p  2 = Aexp("), where A and C a r e  con- 

s t a n t s ,  i s  f r equen t ly  used t o  d e s c r i b e  t h e  temperature dependence of t h e  

diffusion m e f f i e i e n t  L) This  r e l a t i c t s ' - i y  i s  t e a t e d  f ~ r  KQH s o l u t i o n s  a t  

cons t an t  composition i n  Figure 4 * 2 ,  arid i s  seerJ t o  be s u c c e s s f u l  over t h e  

temperature range studied. The above equa t ion  may t h e r e f o r e  be used for 

T 

i n t e r p o l a t i n g  t h e  d a t a  t o  o t h e r  temperatures.  It may a l s o  be used f o r  

e x t r a p o l a t i o n ,  t o  o b t a i n  D v a l u e s  f c r  temperasures above 75 C ,  a l though 

wi th  r a t h e r  less c o r f i d e x e .  

0 
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-i d , ._ 'k Figure  4 .3  shows a semi log  p lo r  > f  D 1 1 ) -  v 5  ~ p i - " c i c s  f r a c t i o n  of 

e?ectrc!ytc. V2lues cf t h e  tkerxFdp2amrc  f3c't-'r. : En,z,!-t: *E (4-2-1) wepp, 

c a l c u l a t e d  using a c t i v i t y  c o e f f i c i e - t s  z b r a i r s b  € r ? m  E , M . t .  . data (26 )  ~ A s  

suggested by t h e  theory d e v e l q e d  i n  t h e  previous S ~ C C T C E ,  t h e  p l a t  i s  

l i n e a r  a t  e l e c t r o l y t e  concen t r a t ions  up t o  about 8 % o  From t h e  s lope  of 

the  l i n e ,  

n(6 +bOH ) = 2.325 c a l .  (g.mole-l) 
K+ - 

Using this va lue  for t h e  p e r t u r b a t i o n  parameter,  t h e o r e t i c a l  v a l u e s  of t h e  

mutual d i f f u s i o n  c o e f f i c i e n t  may be c a l c u l a t e d  u s f ~ l g  Equatior. ( 4 . 2 - 4 ) ;  

t h e s e  a r e  compared with experimental d a t a  in Figure  4 . 4 .  The proposed 

model i s  seen  t o  provide a much b e t t e r  f i t  t han  t h e  Onsager-Fuoss theory 

a t  h igh  concen t r a t  i ons .  For t h e  concentrat  i on  range 0- 10  g .mole/ 1 a ,  t h e  

average d e v i a t i o n  between experimert and Equatioy (4 .2 -4)  i s  1.3%. 

It is of i n t e r e s t  t o  note  t h a t  the simple t h e o r e t i c a l  model used 

above a l s o  a p p l i e s  w e l l  t o  o the r  t r a m p o r t  c c e f f f c i e n t s  of potassium hydrox- 

i d e  s o l u t i o n s .  

d i f f u s i m  c o e f f f c i e n t  of water ,D~/D~'I a r e  p ~ , - t t e l  vs  

f r a c t i o n  on a semilog p l o t ,  s t r a i g h t  l i ~ e s  are obra iced  (27 ) .  A s i m i l a r  

COnCentraaiQn dependence is observea f o r  the d i f fus io-a  c o e f f i c i e n t  of oxygen 

i n  KOH s o l u t i o n s  ( s e e  Figure 3 0 3 ) 0  

8 Thus when t h e  r e l a t i v e  v i s c o s i t y  ($rj ) ar:d r e l a t i v e  se l f -  

e l e c t r a l y t e  s p e c i e s  
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.J. J o l l y  

Cur i rg  this p e r i ~ d  a i Fterdcm-e sear& has becr, ma?e t o  Zetermine 

whac measuremeits of phys i ca l  p r c p e r t i e s  af l i tk im h y d r o x i d e  s D l d t i c n s  a r e  

a v a i l a b l e .  

s o l u b i l i t y  of l i t h ium hydroxid.,, hest capzc iPY,  v i s c c s i t y ,  e l e c t r i c a l  con- 

d u c t i v i t y ,  and vapor p re s su re  of  t h e  aqueous s o l u t i o n s ;  s o l u b i l i t y  a r d  

d i f f u s i v i t y  of  gases  i n  aqueous s o l u t i o n s  (no datawere found);  and prop- 

e r t ies  of t h e  s o l i d .  The l i t e r a t u r e  searched has  c o n s i s t e d  of I n t e r n 3 t i o n a l  

Cr i t ica l  Tables ,  Eandol t -Bornstein,  Chemical Abs t r ac t s  from 1927 to d a t e ,  

and miscel laneous handbooks 

Tne physics  I p r o p e r t i e s  searched f o r  have iricluded dens i ty ,  

The d a t a  found in these sources are 8umar izeS i n  Appendix 1. 
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6 .  Future Plans 

c':! +_?e foi- '9 l o r  t l e  gext s i x  mc>zL 

lowing areas: 

1.  Cornpletio~1 >f  the sl5::ki.LiEy ~ E ~ S U P ~ ~ T L S  a: rsn?erdtuz-ea up t l ~  

0 
100 is dl?d S a t u r a t e d  Kcby. 

2 .  Measuremeat of t he  d i f f u s i v n t y  of h y d r o g w  ar,d nxygcr? i n  KQ9 

s o l u t i o n s  a 

3 .  Measurement of both soPubfPity and d i f f u s i v i t y  of hydrogen and 

oxygen i n  LiOH s o l u t i o n s .  

4 a 

e l e c t r o l y t e s .  

Fu r the r  developxec? of d theory of s o l u b i l i t y  fzr corse:-trsted 

5 .  Fur the r  development of a t h e a r e t i c a l  t reatment  of d i f f u s i o n  in 

concen t r a t ed  e l e c t r o l y t e s .  

6,. Place a more Er'Tl'leitive e?rona?ograph i3to cpezatilJc so as t o  

permit more p r e c i s e  meaauremercs of  s o l u b i l i t y  and d i f f u s i v i t y  a t  h ighe r  

temperGtures and a l k a l i  C ~ F . C ~ I  :s"at:o:-.s a 



Density ~ $ 1 1  be  i n  g / c c  

Heat capacity, in J O U ~ ~ ; S / ~  C 8 

Viscosity i n  eentipoises 

E l e c t r i c a l  coniuc tFvi ty  in [ c k n  cm -1 2 

- A , P . 2  S o l u b i l i t y  of Lithium Hydroxide i3 Water (25,26) 

Temper at ur e 

-10.5 O C  

-18 .0  

0 

10 

20 

25 

30 

40 

50 

60  

80 

100 

Wt % LiQH 

7 .23  

11.20 

PO.  64 

10,80 

10.99 

BX"14 
11.23 

11.68 

12"  12 

:4 7 6  

l t . 3  I 

1 6 - 0 5  

Tenperature 

120 % 
0 

150 

160 

180 

19 0 

205 a 5 

265 

295 

321 o 6  

W t  % LiQH 

15 03 

14 38 

14 e 23 

13.79 

13 0 19 

12..81 

12.43 

11,239 

12.35 

13 04 
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25 2 .338  
4 569 
6 701 
8 739 

10.690 

100 0 a 0989 
2.391 
4 D 5 7 1  
5 592 
6 085 

120 4.16 
5.59 

13 0 Of) 

17.00' m*fg 
l a  "A69 
15.932 
15 .362  
26 * 794 

22  0 034 
22.316 
21.597 
20.849 
20.081 

200 G.76 
8.59 

13 04 

250 4.76 
8.59 

13 0 04 

300 4.76 
8,59 

13" 04 

350 4 ,76  
8 ,59  

13 04 

Temperature 
21.5 % 
25.0  

30.0 

40.0  

J0.2 

60.0 

70,o 

1 3 . 9  

80.0 

90.0 

Vapor Pressu re  

3 . 1  m.Yg 

3.5 

5.0 

13.1 

2 3 . 4  

51,9  

97.0 

I90 3 

195.2 

358 ., 5 

- Vamr Pressure 

4403 9m.Hg 
4480 
42 73 

11012 
109 54 
10728 

27981 
28058 
27231 

60656 
60605 
5977s 

1'17795 
116760 
1169 16 
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1.0 4.1% 

2, . 5 4.06 

5.0 3 .99  

A.1.6 Viscosity of LYOH Solutissrs (329  

wt % Wt % 
Temperature LtO% V i S C O i 3 i t Y  Temper at uy e - LdOE Viscosity 

20 1.18 1 i39 
2.33 I .294 
4 . 5 5  1 685 
6.68 2.223 
8.74 2.990 

10,51 4 0 084 

30 1.18 0,907 
2.34 1 -, 028 
4.57 1 a 325 
6,72 1 0  7'0 
8,77 2,255 
10.85 3 ,OO? 

40 1 13 0. ; i3  
2.35 0,841 
4 , 5 9  ;,Ob9 
6.75 I . s t 3  
s .80 L D 758 

10.89 2 305 

50 1. ?.e 0-51 
2,35 0.67 
4.61 0.86 
6.77 
8.83 1.43 

10 92 

75 1.18 0.42 
2.37 0.46 
4.63 0.58 
6.80 
8.86 0.88 

55 



A . 1 . 7  Demi ty  of  LiOFL Solutior;,% (30) 

0 
W t  7: c 
LIOH 0 10 20 2 5  a o  i o  > -  i n  6!3 80 

1 1.0122 1.0115 1.0102 1.0090 1.0075 1.0041 1.0000 0.9958 0.9860 

2 1.0240 1.0230 1 .0217 1.0203 1,0188 1.0155 1.0114 1,0078 0.9973 

4 1.0468 1.0456 1.0437 1.0422 1.0407 1.0371 1.0331 1.0286 1.0189 

6 1.0690 1.0674 1.0650 1.0636 1.0621 1.0582 1.0541 1.0496 1.0397 

8 1.0908 1.0888 1.0862 1.0867 1.0830 1.0790 1.0747 1.0701 1.0600 

10 1.1125 1.1102 1.1074 1.1057 1.1038 1.0996 1.0952 1.0906 1.0803 

A . 1 . 8  E l e c t r i c a l  Conductivity of LiOH So lu t ions  ( 3 3 1  

0 0 
W t  'Z LiOH Equivalent  Conductance a t  25 G S p e c i f i c  Conductance a t  25 C 

2 1 cm. /ohm ohm cm 

10.83 

6.57 

5.00 

2.47 

1.16 

0.55 

79 .7  

114.6 

129.0 

157.9 

178.3 

191..9 

a t  i n f i n i t e  d i l u r i o n  237.2 

0 3992 

0.33.52 

0.2849 

0.1640 

0 0834 

0 e 04432 

0 0 00% 
(Ext rapola ted  after p l o t t i n g  
t h e  above v a l u e s )  
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Properties 

Molecular Weight 

G r y s c a  1 Structure 

LiOE Coxtent 
(theoretical) 

Li  0 Equivalent 

Dens i t y  

2 

Melting P o i n t  

Heat Capaei  ty ( 2 5 O ~ )  

Heat of Soh. (25'C) 

Heat of formation 
(25%) 

'EIeat of fusion 

Free energy of  
formation (25%) 

Ent: ro py 

41 #96  

57.07% 

35 60X 

1.51 

Losee water @I 00- IIOOC 
vz' at 25% = 3.90 mm, 

19 0 0 j c a l l d ~ ~ g i m o P  

-0.867 kcal/mol 

-188.926 0.12 
kcal/m3l 

-163.433 _+ 0.16 
kca 1 /mo 1 

17.07 _+ 0.05 cal/deg/mol 

100% 

62.416 

1,46 

4;1.1% 

-4.883 kcal/mol 

-116.589 ,+ 0.09 
kca 1 /mo 1 

5.01 keal/aai 

-105.676 ,+ 0.13 
kca 1 imo 1 

10.23 _+ 0.5 
kc a 1/ deg /mo 1 
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